The blood-brain barrier (BBB), which protects the central nervous system (CNS) from unnecessary substances, is a challenging obstacle in the treatment of CNS disease. Many therapeutic agents such as hydrophilic and macromolecular drugs cannot overcome the BBB. One promising solution is the employment of polymeric nanoparticles (NPs) such as poly (lactic-co-glycolic acid) (PLGA) NPs as drug carrier. Over the past few years, significant breakthroughs have been made in developing suitable PLGA and poly (lactic acid) (PLA) NPs for drug delivery across the BBB. Recent advances on PLGA/PLA NPs enhanced neural delivery of drugs are reviewed in this paper. Both in vitro and in vivo studies are included. In these papers, enhanced cellular uptake and therapeutic efficacy of drugs delivered with modified PLGA/PLA NPs compared with free drugs or drugs delivered by unmodified PLGA/ PLA NPs were shown; no significant in vitro cytotoxicity was observed for PLGA/PLA NPs. Surface modification of PLGA/PLA NPs by coating with surfactants/polymers or covalently conjugating the NPs with targeting ligands has been confirmed to enhance drug delivery across the BBB. Most unmodified PLGA NPs showed low brain uptake ( < 1 % ), which indirectly confirms the safety of PLGA/PLA NPs used for other purposes than treating CNS diseases.
Introduction
Treatment of central nervous system (CNS) diseases including Alzheimer ' s disease (AD), Parkinson ' s disease, Huntington ' s disease, schizophrenia, HIV infection of the brain and brain tumors remain limited due to the low transport of drugs across the blood-brain barrier (BBB) [1] . The BBB is composed of special endothelial cells with tight junctions, pericytes, astrocytes and microglial cells [2] ; tight junctions (TJs) are formed by a complex network of proteins and linked with the cytoskeleton to restrict the passage of substances from the bloodstream to the brain [3] . The expression of different transporters on the BBB such as transferring receptors, insulin receptors, lipoprotein receptors, ATP-binding cassette (ABC) efflux transporters p-glycoprotein (P-gp) could either help the internalization or prevent the entry of molecules. P-gp is the principal efflux method for extruding drugs form the brain. Only a small amount of water-soluble molecules diffuse paracellularly through the TJ. Small lipid soluble molecules enter transcellularly through the lipid membrane. Cell-mediated transcytosis is another recently identified route for drugs entering the brain through the BBB; for example, some pathogens such as HIV or Cryptococcal could enter the BBB via cell-mediated transcytosis [3, 4] . For other substances, adsorptive transcytosis and specific receptor-mediated are the main transport routes across the BBB [3] . Adsorptivemediated transcytosis (AMT) is induced by the electrostatic interaction between the negatively charged membrane surface and a positively charged substance. Receptor-mediated transcytosis (RMT) is a selective uptake of a specific substance. The expression of different transporters such as transferring receptors, insulin receptors and lipoprotein receptors could help the internalization of molecules [3] .
Transport of many therapeutic agents for CNS disease such as hydrophilic drugs and macromolecular drugs through the impermeable TJ of the BBB is limited [5] . Therefore, invasive and non-invasive methods were employed to enhance brain delivery of drugs. Compared with invasive methods which include changing the permeability of the BBB, or direct intracerebral infusion and implantation of the drug, non-invasive methods such as systemic administration are preferred [1] .
For systemically administered drugs, the goal for the drug delivery system is to cross the BBB in sufficient concentrations without a negative impact on the function of the BBB. A number of drug carriers have been developed to improve brain delivery of drugs, and among carriers, nanoparticles (NPs) have been receiving increased attention because of their unique properties [3] . In the size range from 1 to 1000 nm, nanocarriers are able to carry therapeutically significant amounts of drug, which cannot otherwise be transported through the BBB in free form. These delivery systems can be designed to provide a sustained controlled release profile, which reduces negative side effects of drugs to healthy tissue and prolong their retention time in the body. After surface modification, nanocarriers, especially at sizes under 300 nm can provide enhanced brain delivery of loaded drug. Biodegradable polymeric NPs such as poly (lactic-co-glycolic acid) (PLGA) and poly (lactic acid) (PLA) have been well studied for drug delivery as stable drug carriers. Compared with other nanocarriers, such as liposomes, micelles and dendrimers, the advantages of polymeric NPs include improved stability, high loading capacity, sustained drug release, non-immunogenic property, reduced drug toxicity, improved bioavailability, enhanced therapeutic efficacy of the entrapped drug and versatile surface modification [6] . PLGA and PLA are commonly used polymers for nano-delivery because of their biocompatibility, biodegradation and well-studied degradation kinetics; PLGA and PLA have also been approved for pharmaceutical application by the US Food and Drug Administration [6] . Brain delivery can be achieved by well-designed polymeric NPs fabricated from polymers such as PLGA and PLA of different molecular weights, with surfactants and other surface modifications that confer the surface characteristics (i.e., zeta potential and hydrophilicity) desired for improved BBB uptake via adsorptive transcytosis. In addition, ligands known to target BBB surface receptors such as transferring, insulin and lipoprotein receptors can be linked to the surface of the polymeric NPs to initiate receptor-mediated endocytosis and thus cross the BBB [7] .
Both in vitro and in vivo studies have been conducted to study cytotoxicity and effectiveness of polymeric NPs designed for delivery of drugs to the CNS. Prior to complex and expensive in vivo studies, in vitro studies on cytotoxicity, cellular uptake, endocytosis mechanism and drug efficiency of the drug delivery system were investigated with different cell lines such as brain endothelial cells (BCECs) and glioma cells. Next, in vivo studies performed on mouse and rats were used to study brain uptake, location of nanocarriers and therapeutic efficacy of the entrapped drug.
Aspects of NP synthesis, general properties, mechanisms of action and potential pitfalls of NPs for drug delivery to the CNS have been reviewed over the past years [1, 8 -11] . Recent findings on polymeric NPs as brain delivery carriers are also available in the literature [6, 12] .
However, to the authors ' knowledge, no reviews have been specifically and solely dedicated to the effect of NPs properties on delivery of drugs to the brain with PLGA/PLA NPs; this aspect was only partially mentioned or briefly discussed in previous review papers. The goal of this review is to highlight the recent developments on PLGA or PLA NPs designed for neural delivery, with emphasis on NP cytotoxicity, therapeutic efficacy of the entrapped drug and brain uptake of PLGA/PLA NPs as a function of their properties.
In this review, a literature search was conducted on the subject of PLGA/PLA NPs and brain delivery of drugs using PubMed, ScienceDirect and SpringerLink databases. The following keywords were used in the search: polymeric/PLGA nanoparticles, brain delivery, blood-brain barrier, central nervous system and neuron delivery. Only papers relevant to PLGA/PLA NPs focused on systemic administration, with the goal of delivering drugs across the BBB were selected. In total, 29 papers published after 2004 on PLGA/PLA NPs for drug delivery across the BBB were used in this review.
The papers are summarized with an emphasis on NP characteristics (core polymer, PLGA composition and molecular weight, emulsifier, surface modification, loaded drug, size, zeta potential), the in vitro and in vivo models used, methods, and significant findings are compiled in Table 1 . The discussion section is divided into two sections: in vitro studies and in vivo studies. For the in vivo studies, the percentage ( % ) brain uptake over 24 h was calculated as percentage of dose administered per animal, and plotted versus time (h). Potential effects of NP properties such as size, dose and administration on brain uptake of different NPs were compared and discussed.
Among 29 papers cited in this review, 9 papers performed in vitro studies [20, 23, 24, 31, 33, 37, 38, 40] , 8 papers focused on in vivo studies [13, 15, 16, 18, 21, 25, 27, 30] , and 12 papers did both in vitro and in vivo studies [14, 17, 19, 22, 26, 28, 29, 32, 34, 35, 39, 41] .
In vitro studies
In vitro studies were usually conducted in brain endothelial cell lines (bovine, human and rat), Madin-Darby canine kidney (MDCK) cells and glioma cells. In vitro studies were performed to investigate cytotoxicity, uptake efficiency, endocytosis mechanism and drug efficiency with different cell lines. All aspects are discussed in the following sections. showed lowest cell viability [20] ( Table 1 NPs and the membrane of HBMECs which induced possible inflammation. However, the increasing of Tf amount could improve viability and inhibit the secretion of tumor necrosis factor-α (TNF-α ) [36] . The cytotoxic effect of different antitumor drugs after their entrapment in modified NPs to glioma cells was investigated in the literature and will be discussed in the therapeutic efficacy section of this paper.
Uptake efficiency
Cellular uptake was investigated by fluorescent or confocal microscopy studies, showing enhanced internalization of surface-modified NPs compared with unmodified NPs. Different cells including MDCK cells [17, 20, 24, 29] , BCECs [19, 26, 33, 40] , bEnd.3 cells [28, 39] , and glioma cells [20, 34, 37, 41] were used as in vitro cell models treated at doses ranging from 10 to 15,000 μ g/ml. Small size, positively charged and less hydrophilic NPs were associated with enhanced cellular uptake [17] . After coating with TMC, a cationic ligand, zeta potential of NPs increased from -18 to 21 mV, and the active transport of NPs via AMT was confirmed [22] . TPGS and surfactants such as Tween 80/polysorbate 80 (T80) and poloxamer 188 (F68) coated on the surface NPs have been proven to have an improved cellular uptake due to changes of NP surface properties such as surface charge and surface hydrophilicity [17] . MDCK cellular uptake of TPGS-PLGA NPs (222 nm) was 1.5-fold higher than poly(vinyl alcohol) (PVA)-emulsified NPs 4 h after incubation [17] . The permeation percentages of loperamide entrapped in F68-and T80-PLGA NPs (21 % and 14.5 % ) were significantly higher compared with that of loperamide loaded in PLGA NPs (4.5 % ) and free loperamide (0.4 % ) [19] . Targeted ligands conjugated on the surface of the NPs could provide a means for receptor-mediated endocytosis as opposed to non-specific endocytosis. Cellular uptake of Tf-PLGA NPs (90 nm) was found to be 20-fold and 2-fold greater than unmodified PLGA NPs and bovine serum albumin (BSA)-PLGA NPs (88 nm), respectively, 1 h after incubation with BCECs. In one study, anti-NCAM1 antibody conjugated PLGA NPs (190 -210 nm) distributed more in neurons labeled with NCAM1, whereas anti-CD44 antibody conjugated PLGA NPs (190 -210 nm) targeted more glial cells labeled with CD44 [38] .
The endocytosis process was proven by changing the temperature-, concentration-and time-dependent uptake and co-incubating cells with free targeting ligand and NaN 3 , which stops energy-dependent processes indicating an active endocytosis process [33, 39] . Furthermore, the uptake mechanisms of different ligand-conjugated NPs were studied with cells preincubated with inhibitors. By using chlorpromazine which inhibits clathrin-dependent and caveolae-dependent pathways, colchicines which inhibit the macropinocytosis pathway, and Brefeldin A (BFA) which inhibits the Golgi apparatus and lysosomerelated endocytosis process, transport of Lf-TPGS-PLA NPs (120 nm) across the membrane was demonstrated to be clathrin-mediated endocytosis [39] . The mechanism of uptake of Tf-PLGA NPs (90 nm) was confirmed as caveolae-dependent by co-incubating cells with filipin, a caveolae inhibitor, and other different types of inhibitors. Co-incubated blank NPs with filipin did not show inhibition of NP cellular uptake which indicated that endocytosis of blank NPs might be adsorptive-mediated endocytosis [33] .
Therapeutic efficacy
A number of in vitro experiments have demonstrated that surface functionalized NPs enhanced the therapeutic efficacy of antitumor drugs against the glioma cells such as RG2 and C6 glioma cells when compared with that of free drugs in solution and unmodified NPs with entrapped drugs [17, 20, 28, 32, 37, 41] . Besides cell viability, IC 50 , the concentration of the drug required to kill 50 % of the incubated cells over a fixed time period, was employed to quantify and evaluate the cytotoxicity of NPs loaded with chemotherapeutic drugs, and their therapeutic efficiency. The lowest IC 50 (1.63 μ g/ml) for surfactant coated NPs with entrapped docetaxel was achieved with the F68-PLGA NPs (196 nm) after 24 h in C6 glioma cell lines, which was 94.30 % more efficient than docetaxel [17] . AP-PEG-PLGA with entrapped paclitaxel NPs (156 nm) showed 2 -4 times lower IC 50 than unmodified NPs and free drug [41] . Glutathione-coated PEG-PLGA NPs (237 nm) with entrapped paclitaxel showed significantly higher therapeutic efficiency than uncoated NPs and paclitaxel solution. Tubulin immunofluorescent and Western blotting studies also confirmed the enhanced therapeutic efficacy of paclitaxel entrapped in glutathione-coated NPs [32] .
In vivo studies
In vivo studies were conducted in rats or mouse after administration (oral, carotid artery or intravenous) of the NPs. Several experiments including brain uptake quantification, confocal laser scanning microscopy, behavior studies, thera peutic efficacy of drugs and in vivo toxicity were carried out. The percentage NP uptake was calculated in the brain and expressed as percentage of dose administered per animal, and data was plotted over a 24-h time span [13, 14, 17, 18, 21, 26, 29, 30, 34, 39] . In all cases, the brain weights of rat and mice used to convert % dose/g reported by some authors to % dose were 2 g and 400 mg, respectively [42] . NP types were divided into three categories: unmodified PLGA/PLA NPs, surface-coated NPs and ligand-conjugated NPs (Figure 1 ). Brain uptake of unmodified PLGA/PLA NPs, which were the control group in most cases, was studied to confirm the safety of PLGA/PLA NPs not specifically designed for shuttling drugs across the BBB. After synthesis of unmodified PLGA/PLA NPs, surfactants such as polysorbate 80 and polymers such as TMC could be coated on the surface of NPs to enhance brain uptake (i.e., " surface-coated " NPs). Specific ligands which interact with surface receptors on brain endothelial cells could also be covalently linked to NPs to improve brain delivery (i.e., targeting ligand conjugated NPs). PEG-containing NPs were demonstrated to have advantages such as stabi lity, prolonged blood circulation time, reduced liver distribution and enhanced brain uptake as PEG chains can help adsorb less opsonins and immunoglobulin G, but more apolipoprotein (Apo) E/B [3] . PEGylated NPs PEG-PLGA and PEG-PLA were reported in 10 papers [19, 21, 25, 26, 28, 32, 35, 37, 39, 41] , and were included in the discussion.
Unmodified PLGA/PLA NPs
Brain uptake of PLGA/PLA NPs (100 -300 nm) were tested at different doses, ranging between 0.02 and 5.25 mg/animal, by quantifying concentration of entrapped drug [13, 14, 29] or fluorescent marker [17, 18, 26, 30, 34, 39] after administration to rats [13, 14, 17, 18, 30, 34] or mice [26, 29, 39] (Figure 2 ) . In all cases, the percentage of dose administered that was transported to the CNS was below 4 % , and the majority of the studies (7 out of 9 reported in this review) showed percentages lower than 1 % . The highest brain uptake (4 % ) was achieved 1 h after carotid artery administration of PLGA-NPs (200 nm) at a dose of 5 mg, coumarin-6 was used as an entrapped fluorescent marker [18] . Carotid artery administration was proven to be more effective than intravenous administration for brain delivery as expected, because NPs could be transported directly to the brain after carotid artery administration [18] . In comparison, oral administered PLGA NPs (134 nm) could only reach the brain at a 0.09 % of the initial dose 24 h after administration [14] . Curcumin-loaded PLGA NPs (163 nm) were found to have the lowest brain uptake (approx. 0.02 % ) according to quantification of drug level in the brain 1 h after intravenous administration [13] . When the level of entrapped drug was used as a measure to determine brain uptake of NPs, values lower than 0.17 % were reported [13, 14] . A study that employed PLA NPs loaded with 3 H-ritonavir, a radioactive labeled drug (300 nm), indicated that a higher percentage (0.6 -1.7 % initial dose) reached the brain 24 h post-administration [29] . Considering the potential degradation of drugs in vivo and the sensitivity of the equipment or method used to measure the concentration of drugs, the lower dose of NPs detected in the brain was expected when the method of detection was based on entrapped unmodified drug versus radiolabeled drug.
Three papers claimed there was no evidence showing that unmodified NPs crossed the BBB by detecting fluorescence in the brain [16, 22, 27] . Two studies reported low intensity of a fluorescent probe loaded in unmodified NPs after administration in the brain [25, 32] . In most cases (11 out of 14 papers), unmodified PLGA/PLA NPs were found to cross the BBB at a relatively low percentage even after intravenous administration of a high NP dose (5 mg/animal). Regardless of the emulsifiers used to prepare NPs, different administration methods and quantification methods (drug or fluorescent marker), the uptake was always < 4 % and in most cases lower than 1 % .
Surface-coated nanoparticles

Brain uptake
Besides changing the surfactant used in the NP synthesis, the surface of the NP can be modified by the addition of PLGA, 134 nm, oral, DMAB, 400 µg, drug, R [14] PLGA, 177 nm, PVA, i.v., 20 µg, EF, R [17] PLGA, 200 nm, PVA, c.a., 5 mg, EF, R [18] PEG-PLA, 100 nm, none, i.v., 0.6 mg, EF, M [27] PLA, 300 nm, PVA, i.v., 1.125 mg, radioactive drug, M [31] PLGA, 187 nm, F68, i.v., 13.6 µg, EF, R [32] PLGA, 239 nm, n/r, i.v., 82.5 µg, EF, R [36] 25 30 other compounds, such as chitosan or PEG, in an attempt to improve brain NP uptake (Table 2 ) . TPGS has been successfully used to prepare NPs, and it was found that TPGS was a more effective and safer emulsifier than PVA, and could improve adsorption of NPs by the gastrointestinal tract [23] . TPGS-PLGA NPs demonstrated a modest increase of brain uptake (1 % ) 1 h after intravenous administration compared with PVA-PLGA NPs (0.5 % ) [34] . Brain delivery of modified PLGA/PLA NPs was improved when positively charged compared with unmodified NPs as brain endothelial cells are negatively charged. The highest brain uptake (16 % ) was achieved with chitosan (CS)-PLGA NPs (396 nm) 1 h after carotid artery administration [18] . The same group demonstrated that although CS-PLGA NPs (396 nm) reached the highest brain uptake, NPs were only observed on vascular endothelial cells and considering that CS could open intracellular TJs, it was concluded that CS-PLGA NPs might not be a good brain delivery system [18] . However, carotid artery administration was proven to be the most efficient for improved brain uptake, followed by intravenous administration and oral delivery [14, 18] . The amount of NPs transported to the brain ( μ g/g tissue) reported in the literature increased as the administered dose increased, whereas percentage ( % ) uptake dose did not show a dose-dependent increase. For example, F68-PLGA NPs remaining in the brain 60 min after NP administration via carotid artery were 0.08, 0.17 and 0.19 mg/g tissue at injected doses of 5, 10 and 25 mg/ml, respectively, which corresponded to 3.2 % , 3.4 % and 1.5 % dose.
Among the surfactants used to enhance brain delivery, T80 was the most commonly used. T80 coating could adsorb Apo E/B from the blood onto the NP surface and thus provided a low-density lipoprotein (LDL) receptormediated active endocytosis of the NPs. F68 was believed to have a similar effect as T80 [1] . For intravenous administration of surfactant-coated PLGA NPs, F68 was confirmed to be a better targeting agent than T80 [11, 15] . Kulkarni and Feng compared the brain uptake of F68-, poloxamer 407 (F127)-and T80-coated PLGA NPs, and found that F68-PLGA NPs (252 nm) reached the highest brain distribution (6.2 % ) via intravenous injection [17] . When comparing the anti-tumor effect of drug loaded in T80-and F68-coated PLGA NPs, Gelperina et al. also found that F68-coated NPs (168 nm) had a higher therapeutic efficacy than T80-PLGA NPs after intravenous administration [15] . Kreuter and Kreuter and Gelperina demonstrated that F68 appeared to be a very promising coating agent for both PLGA and polybutylcyanoacrylate (PBCA) NPs, whereas T80 was only effective in the case of PBCA NPs similar to the findings of Kulkarni and Feng [43] . However, carotid artery administration showed a different delivery trend between Table 2 Percentage ( % ) brain uptake of surface-coated PLGA/PLA NPs T80-and F68-coated NPs: T80-PLGA NPs (231 nm) proved to be delivered at a higher percentage (6 % ) than F68-PLGA NPs (252 nm) (3 % ) [18] . For the same surfactant and same administration route, the more surfactant coated on the NP surface, the higher the brain NPs uptake [14] .
Location of NPs in the brain
Fluorescent microscopy studies focused on identifying the location of the NPs in the brain revealed that T80-PLGA NPs with entrapped coumarin-6 (215 nm) and very small amount of F68-PLGA NPs (252 nm) distributed in the parenchyma [18] , and high TMC-PLGA loaded with coumarin-6 (136 nm) NPs were found in the cortex, paracoele, the third ventricle and choroid plexus epithelium [22] .
Therapeutic efficacy
Therapeutic efficacy of certain drugs was evaluated in different animal models. T80-PLGA NPs with entrapped estradiol (150 nm) were administered to an ovariectomized (OVX) rat model of AD. Behavior studies and neuropathological examination results indicated enhanced oral delivery of estradiol to rat brain with the NPs [14] . Another AD animal model APP/PS1 double transgenic mice was exposed to NPs introduced to investigate the delivery efficacy of Q 10 loaded in TMC-PLGA NPs (146 nm) to the brain; behavior, senile plaque staining and biochemical parameters were studied. Therapeutic efficacy of the drug was greatly enhanced when it was entrapped in TMC-PLGA NPs [22] . Anti-tumor effect of T80-and F68-coated NPs with entrapped doxorubicin was demonstrated in tumor-bearing rats, and the analgesic effect of loperamide loaded T80-and F68-coated NPs was confirmed in mice. The maximal possible effect ( % MPE) was determined to evaluate the analgesic effect. F68-PLGA loaded with loperamide provided 80 % MPE after 15 min and 70 % MPE for at least 60 min after administration, whereas T80-PLGA NPS with entrapped loperamide reached 80 % MPE and only 40 % MPE after 60 min. Free loperamide showed little ant nociceptive effect [15] . In vivo ant nociception studies of poloxamer 188 (P188)-, polysorbate 80 (P80)-coated and PLGA-PEG-PLGA NPs with entrapped loperamide were conducted after intravenous administration at a dose of 0.5 mg/kg. The results of hot-plate tests and formalin tests showed P188-coated NPs had the best ant nociceptive efficacy [19] . P188 was demonstrated to be a better brain targeting agent for PLGA NPs than P80 after intravenous administration in several reported studies [15, 17, 19, 43] . PLA NPs [31] TAT-PLA NPs [31] PLGA NPs [32] g7-PLGA NPs [32] SA-g7-PLGA NPs [32] PLGA NPs [36] TPGS-PLGA NPs [36] Tf-TPGS-PLGA NPs [36] PEG-PLGA NPs [41] Lf-PEG-PLGA NPs [41] Percentage (%) brain uptake of lignad-conjugated nanoparticles
105 nm, i.v., 60 µg, EF, M [27] 169 nm, i.v., 13.6 µg, EF, R [32] 197 nm, i.v., 13.6 µg, EF, R [32] 340 nm, i.v., 1.13 mg, radioactive drug, M [31] 245 nm, i.v., 82.5 µg, EF, R [36] 120 nm, i. 
Targeting ligand-conjugated nanoparticles 3.3.1 Brain uptake
Brain delivery of specific ligand-conjugated NPs was greatly enhanced compared with that of unconjugated NPs (Figure 3 ). The percentage of NP dose in the brain reached as high as 29 % for g7 (a similopioid peptide)-PLGA NPs (169 nm) at 1.5 h after intravenous administration at a dose of 13.6 μ g in rats [30] , which is the highest brain uptake reported in the literature. Uptake of g7-PLGA NPs was found to be receptor-mediated endocytosis. The lowest value for % dose NPs in the brain was reported for cationized bovine serum albumin (CBSA)-conjugated NPs: the uptake process was confirmed to be AMT, and the uptake efficiency reached 0.3 % /g brain, 2.3-fold more than that of unmodified NPs [26] . Different peptides functionalized NPs were constructed to activate receptor-mediated endocytosis, which could enhance brain-targeted delivery. Four synthetic opioid peptides [27] , a 120 amino acid peptide screened from in vivo phage display [28] , trans-activating transcriptor (TAT) peptide [29] and g7 [30] were successfully conjugated to PLGA/PLA NPs and the conjugation was shown to improve brain delivery of nanocarriers. Tf is another commonly used ligand for targeted brain delivery and it was proven to interact with the corresponding receptor in the brain to induce RMT [33 -35, 40] . Other specific ligands conjugated to successfully increase brain uptake included transferring antibody [37] , sialic acid residue [30] , lactoferrin [39] , poly-( γ -glutamic acid) [40] and DNA aptamer [41] . In all cases, targeting ligand succeeded to provide a receptor-mediated endocytosis of surface functionalized NPs, and brain uptake of modified NPs greatly increased (the highest reported value was 29 % ) when compared with unconjugated NPs ( < 1 % ) after intravenous administration.
Location of NPs in the brain
Fluorescence studies on the location of NPs in the brain demonstrated that three peptide-derived NPs (162 -211 nm) with covalently linked fluorescent probe [27] , TAT-PLA NPs with coumarin-6 as fluorescent marker (340 nm) [29] , tetramethylrhodamine-linked sialic acid (SA)-g7-PLGA NPs (154 nm) [30] and Tf-PEG-PLGA (121 nm) with entrapped rhodamine 6G [35] , all reached cerebral parenchyma, which demonstrated the ability of targeted NPs to cross the BBB.
Therapeutic efficacy
In addition to the direct observation of NPs in the brain, several experiments were performed to prove enhanced brain delivery of the drug in disease animal models. The antinociceptive effects of SA-g7-PLGA NPs with entrapped loperamide was tested and MPE values maintained at 30 -50 % for 15 h, whereas the effect of loperamide loaded g7-PLGA NPs was 57 % for only 5 h after administration [30] . Therapeutic effect of urocortin (UCN) loaded in Lf-NPs on 6-OHDA rat model of Parkinson ' s disease was investigated. The behavior, immunohistochemistry and transmitter contents of the brain results confirmed the improved efficiency of UCN loaded Lf-NPs to attenuate the striatum lesion compared with the control group after intravenous administration [39] . In vivo anti-tumor efficacy was carried out on rats bearing glioma xenografts and rats bearing intracranial C6 gliomas. After intravenous administration of paclitaxel (PTX) loaded aptamerconjugated NPs (Ap-PTX-NP), tumor size, body weight and survival time were recorded to evaluate the anti-glioma efficacy. The average tumor inhibition of Ap-PTX-NP and free PTX (Taxol ® ) for tumor volume was 81.6 % and 68.6 % , and for tumor weight was 79.3 % and 48.2 % . The survival time of Ap-PTX-NP treated rats bearing glioma was 7 days longer than the PTX-treated group and 13 days longer than the saline-treated group [41] . In all cases, therapeutic effect of the drug was greatly improved after the drug was incorporated into surface-modified NPs.
Conclusion
In recent years, polymeric NPs were thoroughly investigated and PLGA/PLA NPs (100 -300 nm) have been proven as potential carriers for drugs across the BBB, with advantages of enhanced drug efficiency and safety. NPs offer superior alternatives to oral and intravenous administration of free drugs that otherwise cannot cross the BBB, which is definitely a significant breakthrough for brain delivery.
Cytotoxicity, cellular uptake, mechanism of uptake and therapeutic efficiency of drugs delivered with polymeric NPs were investigated in vitro . In vitro toxicity studies showed no toxicity of PLGA NPs for doses of 0.075 to 8000 μ g/ml within 72 h. Cellular uptake efficiency was greatly improved with modification of PLGA NPs. The permeation percentages of loperamide entrapped in F68 and T80 surface-modified PLGA NPs (21 % and 14.5 % ) in rat brain endothelial cell lines and C6 co-cultures were significantly increased compared with loperamide loaded unmodified PLGA NPs (4.5 % ) and free loperamide (0.4 % ) [19] . A significant decrease in cell viability of glioma cells treated with drug loaded modified NPs was demonstrated, supporting improved uptake and efficacy of drugs loaded in PLGA NPs. Endocytosis mechanisms were unveiled for specific systems. For example, the uptake of Lf-TPGS-PLA NPs was demonstrated to be clathrin-mediated endocytosis and endocytosis of Tf-PLGA NPs was confirmed as caveolae-mediated endocytosis.
In vivo biodistribution studies were conducted in either rats or mice after NP administration (oral, carotid artery and intravenous), to determine brain uptake of various NPs. PLGA/PLA NPs showed very low ( < 1 % ) brain uptake without modification, which alleviated the concern that unmodified PLGA/PLA NPs used for applications other than CNS delivery cross the BBB. Surface modifications of PLGA NPs such as surface coating and the addition of targeting ligands improved brain delivery of drugs compared with unmodified PLGA NPs. Ligands, covalently linked to the surface of the particles improved brain uptake of NPs the most. The highest brain uptake was achieved by g7-PLGA NPs (169 nm) (14 % /g tissue) which was characterized as instant high brain delivery with a short retention time [30] . The presence of modified PLGA/PLA NPs within rats/mice brain parenchyma after systemic administration was confirmed by microscopy studies. Besides brain uptake, behavior studies of treated animals and therapeutic efficacy studies after NP administration supported the enhancement of brain delivery of drugs loaded in modified PLGA NPs as compared with unmodified NPs or free drug.
It was evident that in vitro and in vivo information on delivery of drugs with PLGA/PLA NPs (100 -300 nm) to CNS was available and sufficient to confirm the enhanced brain uptake and therapeutic efficacy of certain drugs entrapped in PLGA NPs. These studies suggest that multiple strategies could be applied to construct an optimum brain delivery system based on PLGA. However, the literature is lacking in several aspects. First, in vivo long-term toxicity studies of modified NPs including their effects on the brain were seldom found in the literature and should be evaluated. It is important to assess the safety and potential risks of brain-targeted PLGA/PLA NPs, especially for systems that are associated with highly improved brain uptake. Second, the amount of data is not sufficient in the literature to understand NP brain uptake as a function of concentration of the NPs administered, or their properties (i.e., morphology hydrophylicity size, charge). It is unclear if brain uptake of NPs is concentration-dependent, and if saturation would be reached as the dose administered was increased. Size appears to affect uptake, with small NP size being more favorable, but it is hard to compare uptake across studies when other parameters (charge, method of administration or detection) are not uniform. Brain uptake is also enhanced for NPs that are more hydrophobic and if they carry a positive charge. However, because of the lack of systematic studies, comparisons between systems reported in the literature so far are not possible. Lastly, information on the location of NPs modified by different strategies in the brain after they cross the BBB is not readily available, as well. Location of the NPs within the brain may affect the efficacy of the entrapped drug.
It is clear that even though much is yet to be done to understand brain uptake of polymeric NPs, and their impact on drug efficacy and safety, the design of safe nanocarriers for improved drug delivery to certain locations in the brain, and an enhanced drug efficacy and low toxi city is certainly possible. Design of such targeted delivery systems to the CNS will aid in treatment of CNS diseases.
